Functional magnetic resonance imaging (fMRI) was used to investigate the neural substrates of component processes in verbal working memory. Based on behavioral research using manipulations of verbal stimulus type to dissociate storage, rehearsal, and executive components of verbal working memory, we designed a delayed serial recall task requiring subjects to encode, maintain, and overtly recall sets of verbal items for which phonological similarity, articulatory length, and lexical status were manipulated. By using a task with temporally extended trials, we were able to exploit the temporal resolution afforded by fMRI to partially isolate neural contributions to encoding, maintenance, and retrieval stages of task performance. Several regions commonly associated with maintenance, including supplementary motor, premotor, and inferior frontal areas, were found to be active across all three trial stages. Additionally, we found that left inferior frontal and supplementary motor regions showed patterns of stimulus and temporal sensitivity implicating them in distinct aspects of articulatory rehearsal, while no regions showed a pattern of sensitivity consistent with a role in phonological storage. Regional modulation by task difficulty was further investigated as a measure of executive processing. We interpret our findings as they relate to notions about the cognitive architecture underlying verbal working memory performance.
Introduction
In the present study we use functional magnetic resonance imaging (fMRI) to characterize the properties of brain regions comprising the verbal working memory system. Verbal working memory can be defined as a limited capacity processing system that supports the online maintenance and manipulation of linguistic information over brief intervals. Neuroimaging studies have consistently implicated a distributed network of brain regions that contribute to verbal working memory, including dorsolateral prefrontal (BA 9/46), inferior parietal (BA 40), left inferior frontal (BA 44/45), supplementary motor (medial BA 6), premotor (lateral BA 6), and cerebellar regions (Fiez et al., 1996; D'Esposito et al., 1998; Cabeza and Nyberg, 2000) .
To interpret neuroimaging results, many researchers have turned to an inf luential model of working memory proposed by Baddeley and colleagues (Baddeley, 1986) . According to this model, working memory is made up of multiple interacting components, including material-specific maintenance subsystems (verbal and visuo-spatial) , and a central executive control system. Neuropsychological evidence (Shallice and Warrington, 1970; Vallar and Shallice, 1990 ; Van der Linden et al., 1992; Gainotti et al., 1994; Gathercole, 1994; Smith and Jonides, 1995) and neuroimaging studies (D'Esposito et al., 1995 (D'Esposito et al., , 1998 Smith et al., 1996; Collette et al., 1999; Smith and Jonides, 1999) are generally consistent with this model. The verbal maintenance subsystem, referred to as the 'phonological loop,' is the most thoroughly characterized component in Baddeley's model, and it is this system that is of primar y interest in the present investigation. Based on a complex pattern of behavioral results, discussed below, Baddeley proposed that this verbal maintenance subsystem may be further divided into a storage component and a rehearsal component. The storage component, or phonological store, is thought to buffer information coded at the level of phonology (speech perception). Representations in this store are subject to rapid decay, but can be 'refreshed' by a rehearsal component, the articulatory control process, which cycles through the contents of the store using an articulatory code resembling inner-speech.
There is some evidence from neuroimaging research indicating that these different components of verbal maintenance can be mapped to different brain regions. Specifically, it has been suggested that the left inferior parietal cortex supports storage, while a network of areas associated with speech production (left inferior frontal, premotor, supplementary motor, and cerebellar regions) mediates articulatory rehearsal (Paulesu et al., 1993; Awh et al., 1996; Jonides et al., 1998; . However the extent to which these conclusions account for both neuroimaging and neuropsychological results has been debated (Becker et al., 1999; Fiez, 2001) .
Our objective is to further differentiate the neural substrates of verbal rehearsal and storage on the basis of temporal and stimulus-dependent differences in regional activation. In order to focus on verbal maintenance, we employ a delayed serial recall task. On each trial of this task, subjects are shown a list of verbal items, and explicitly rehearse these items over an extended delay, until cued for overt recollection. Because the delayed serial recall task makes use of temporally extended trials, it allows for the identification of brain regions that are active during maintenance, after the encoding of stimulus items into memory has been completed, and prior to the need for retrieval of these items from memory (Fiez et al., 1996; Jonides et al., 1998; D'Esposito et al., 1999; Rypma and D'Esposito, 1999; Postle et al., 2000) . With fMRI, the extended delay interval can be further exploited to reveal dynamics in regional activation that coincide with changes in cognitive processing occurring within the maintenance stage of a trial.
In addition to honing in on maintenance with an extended delay interval, we take the further step of using manipulations of stimulus condition to examine the dissociability of the cognitive processes and neural substrates that support verbal maintenance. This approach is analogous to that employed in behavioral research, in which manipulations of stimulus condition have been used to derive evidence supporting the notion of separate storage and rehearsal components in the phonological loop. Prior behavioral studies of recollection in working memory have shown that compared to short, phonologically distinct words, recall accuracy is attenuated for phonologically similar words (phonological similarity effect) (Conrad and Hull, 1964; Baddeley, 1966; Coltheart, 1993) , for words of longer articulatory duration (word-length effect) (Baddeley et al., 1975; Roe, 1993) , and for pseudowords (pronounceable nonword items) (Hulme et al., 1991; Multhaup et al., 1996) . It is argued that the phonological similarity effect proceeds from confusions between partially overlapping representations in the storage component, whereas the word-length effect stems from the operation of the articulatory rehearsal component, and ref lects increased decay resulting from the additional rehearsal time needed for longer words (Baddeley et al., 1984; Longoni et al., 1993) . Two alternative mechanisms may account for the lexicality effect. One view is that it results from interactions between the short-term and long-term memory systems, conferring an advantage to items having existing representations in long-term memory (real words, but not pseudowords). A lternatively, lexicality effects may proceed from additional demands associated with the sublexical phonological and phonetic processing of pseudoword items (Levelt et al., 1999) , which may impact on the operation of the verbal rehearsal system. Given the distinct mechanisms presumed to underlie the effects of phonological similarity, articulatory length, and lexicality, it is likely that they are associated with the operation of distinct neural regions.
According to Baddeley's model, the performance of a verbal working memory task should engage not only the verbal maintenance subsystem, but also the central executive. The central executive is thought to coordinate the behavior of the maintenance subsystems, and to further mediate the allocation of attention, the inhibition of task irrelevant processes, and the coding of contextual and temporal order information associated with representations held in memory (Baddeley, 1986; Baddeley and Logie, 1999; Smith and Jonides, 1999) . A common approach used in previous investigations of central executive function has been to manipulate task variables that inf luence these executive processes. Examples include studies in which memory load is manipulated Cohen et al., 1997; , secondary tasks are used to burden the working memory system (D'Esposito et al., 1995; Bunge et al., 2000) , or the duration of a memory delay interval is varied (Barch et al., 1997) . These previously utilized manipulations can be applied equivalently with verbal and visuo-spatial materials, and can therefore be thought of as domain-independent. In contrast, we examine the brain's response when task difficulty is varied through differences in verbal stimuli. Manipulations of verbal stimulus type are domain-specific in that they produce variations in task difficulty by differentially taxing processes thought to be specific to the verbal maintenance subsystem. The use of this domain-specific manipulation allows us to gain a novel perspective on the interaction between executive and maintenance-based processes.
In summary, in the present study, we employ the delayed serial recall task, together with stimulus manipulations of phonological similarity, articulatory length, and lexicality, with the following broad goals in mind: (i) to identify the neural substrates of verbal maintenance and to determine if they are selectively engaged in maintenance-based processing; (ii) to further characterize the particular functions served by brain regions engaged in specific rehearsal and storage processes through an investigation of stimulus-specific and temporal effects, and (iii) to examine the response of central executive regions to changes in task difficulty stemming from the operation of the verbal maintenance subsystem.
Materials and Methods

Subjects
Twelve right-handed, native English speaking, adults (six females; mean age 22.8 years) participated in scanning sessions. These subjects were recruited from the undergraduate and graduate student populations at the University of Pittsburgh (Pennsylvania, USA). All subjects gave informed written consent prior to participation in the study. Subjects participated in a short practice session, before being scanned, in order to develop familiarity with the task procedure.
Cognitive Task Procedure
A schematic diagram of a single task trial is presented in Figure 1 . Each trial lasted for 52 s. At the start of a trial, subjects were presented with a sequential list of five word, or word-like, items. The items were presented visually in white, all capital Geneva font against a black background, positioned a few millimeters below a visually centered fixation point. Each item was displayed for 1 s, with a 600 ms interval between items. Following presentation of the list, a rehearsal indicator (-----) appeared on the screen to denote the start of a 20 s maintenance interval. Subjects were explicitly instructed to covertly rehearse the presented items for the duration of the maintenance interval. A fter the 20 s passed, the rehearsal indicator was replaced by a recall cue (####), to which subjects responded by overtly recalling the remembered list items. Four seconds were given to complete recall, and at the conclusion of this time the recall cue was removed. Subjects were instructed to say 'skip' as a place-holder for items that could not be accurately recalled, and all responses were tape recorded (a funnel placed proximally to the subject's mouth carried the voice signal through a pneumatic tube to a standard cassette-tape recording system). For the 20 s following recollection, subjects passively viewed a fixation point.
The specific nature of the presented list varied from trial to trial. Four distinct list types were used: (i) one-syllable phonologically distinct words (e.g. pit, stem, match); (ii) one-syllable phonologically similar words (e.g. fight, site, height); (iii) three-syllable phonologically distinct words (e.g. telescope, computer, suggestion); and (iv) one-syllable phonologically distinct pronounceable pseudowords (e.g. blick, rame, scote). Eight sets of five items each were developed for each stimulus condition. Word items having a written frequency of >30 (Francis and Kucera, 1982) formed the pool of potential word stimuli. The lists of phonologically similar items were composed by selecting one-syllable rhyming words from this pool. Lists of one-and three-syllable phonologically distinct words were then selected from the remaining set of words. To match items for individual character frequency, pseudoword items were formed by swapping initial consonant clusters from the short, phonologically distinct words, and the sets were re-randomized so that the pseudoword lists did not closely resemble the word lists. Across the one-syllable stimulus types, sets were further matched for average number of characters per word, to avoid systematic differences in orthographic length.
Data were collected in blocks, consisting of eight consecutive trials, that lasted 7 min and 12 s (which included a 16 s initial fixation period). Blocks consisted of two trials from each stimulus condition, and trial types were counterbalanced within and across blocks, as well as across subjects. Subjects were given ∼2 min to rest between blocks, and completed eight blocks in all, giving a total of 16 trials for each stimulus condition. Since there were eight sets of stimuli for each stimulus condition, each set was used once in the first half of the session, and once in the second half of the session with a new item ordering.
Behavioral Data Analysis
Subject performance was evaluated by determining the accuracy of the subject's recall responses for each trial. A response item was considered correct if it matched the presented item exactly, and was recalled in the correct serial position. The total number of correctly recalled items in each trial (maximum of five) was then tallied to give the overall trial span score. Overall trial span scores were pooled for trials performed under the same stimulus conditions, providing an average trial span for each stimulus condition. This scoring procedure was carried out for each subject independently. To confirm the presence of the desired behavioral effects, the average trial span data were first submitted to a mixed-model ANOVA with subject as a random factor and condition as a within-subject factor. Pair-wise matched samples t-tests were then used to directly compare performance with phonologically similar, three-syllable, and pseudoword items to one-syllable phonologically distinct items. An additional t-test was conducted to demonstrate an overall difficulty effect, contrasting performance with one-syllable phonologically distinct items to the average performance under the three other conditions. A lthough behavioral piloting studies were used to equate performance for the phonologically similar, three-syllable, and pseudoword trial types, additional pair-wise matched samples t-tests were performed to test for differences between these stimulus conditions. Bonferroni correction methods were used to adjust for expected probabilities with multiple comparisons in all t-tests.
fMRI Data Collection
Scanning was conducted on a 1.5 T whole-body GE Signa magnet. To minimize changes in head position across the session, subjects used a visual parallax marker, which provided a constant reference point for subject position. To establish the reference, a small knot on a transparent fishing line, located proximal to the subject's eyes, was positioned so that it was in line with the displayed fixation point, when viewed through one eye. Between blocks, subjects were instructed to re-align to the reference position, if necessary. Task stimuli were back-projected onto a visual display positioned above the subject's chest, and were viewed through a mirror.
A 36-slice oblique-axial structural series was collected parallel to the AC-PC plane , using a standard T1-weighted spin-echo pulse sequence (TE = 12 ms, TR = 500 ms, FOV = 24, slice thickness = 3.8 skip 0 mm). Functional series were then acquired in the same plane as the structural series, but with coverage limited to the 26 center slices. This prescription provided coverage from just below the superior vertex to approximately mid-way through the cerebellum. Functional images were collected with a T2*-weighted, gradient-echo, two-shot spiral pulse sequence (TE = 35, TR = 2000, FOV = 24, slice thickness = 3.8 skip 0 mm, f lip angle = 70°, inplane resolution = 3.75 mm) . This procedure provided a full volume functional acquisition once every 4 s. Figure 1 shows the relationship between functional MRI acquisitions (13 images acquired per trial) and the behavioral task design.
fMRI Data Analysis
Analysis of the fMRI signal was conducted off-line using the NeuroImaging Software package (NIS 3.3) developed at the University of Pittsburgh and Princeton University. Following reconstruction and inhomogeneity correction, images were corrected for subject motion using a six-parameter rigid-body automated registration algorithm (AIR 3.08) (Woods et al., 1992) . To form a group composite data set, the structural images collected from each subject were co-registered to a common reference anatomy using a 12-parameter affine transformation algorithm (Woods et al., 1993) . Functional images were then transformed into the same common space and were subjected to normalization (achieved by mean scaling of each image to match global mean image intensities across subjects) and Gaussian smoothing (8 mm FWHM, to account for local anatomical variability between subjects). The group composite data was used in all voxel-based statistical analyses, although individual subject time series were also examined to confirm results derived from the group data. Statistical maps were visualized and transformed into stereotaxic coordinate space (Talairach and Tournoux, 1988) using AFNI 2.26 (Cox, 1996) .
Analysis 1: Maintenance Regions
Our first set of analyses focused on the localization of verbal maintenance regions and the correspondence of these regions to those engaged during encoding and retrieval. To identify regions associated specifically with the maintenance stage of a trial, a comparison between maintenance and baseline was conducted using a voxel-wise t-test. For this comparison, data were pooled across the four stimulus conditions. The maintenance activation state was identified by selective averaging of data collected during the last two acquisitions of the maintenance interval (scans 6 and 7). A baseline control state was similarly derived by selective averaging of signal intensities from the final two acquisitions in each trial, which corresponded to passive viewing of the fixation point. Given the typical shape of the hemodynamic response function, using only the last two scans of the maintenance and baseline intervals increased the likelihood that our selective averages did not include residual activation from the preceding stages of the trial.
An analogous approach was used to identify encoding and retrieval activation sites. To examine regions showing activation during encoding, signal from the two scans following the onset of list presentation (scans 2 and 3) was selectively averaged and compared to the baseline control average. Likewise, to identify regions showing activation during recall, signal from the two acquisitions following the onset of the recall cue (scans 9 and 10) was averaged and compared to baseline. It should be noted that due to the relatively short duration of encoding and retrieval stages, the scans used for selective averaging in these stages may have contained residual effects from preceding task events.
The statistical maps resulting from the various stage-based contrasts were thresholded to a voxel-wise statistical probability of 0.0001, and were subjected to a clustering threshold of five contiguous voxels, to accommodate increased probabilities due to multiple tests (Forman et al., 1995) . Additional paired contrasts that directly compared encoding and recall to maintenance were conducted for each of the clustered regions identified in the contrasts of these conditions to baseline. A significance threshold of 0.05 was used for these ROI-based stage comparisons.
Analysis 2: Effects of Stimulus Condition on Storage and Rehearsal
Our next set of analyses focused on the effects of stimulus condition on regional activation. These analyses allowed us to address the separability of different brain regions involved in rehearsal and storage. Based on behavioral research using manipulations of stimulus condition to investigate the cognitive architecture of verbal maintenance, we postulated that the characteristics of regional processing could be inferred from the pattern of stimulus effects shown in maintenance regions. To examine stimulus condition effects, we conducted a regions-of-interest (ROI) analysis using the regions identified in the maintenance to baseline comparison. In this analysis, signal obtained from each subject during performance with each stimulus type was averaged across all voxels in a contiguous ROI, and for the last two images acquired during the maintenance interval (scans 6 and 7). The regional averages obtained from each subject were then normalized to a common mean. To test for a main effect of stimulus condition, we conducted a one-way mixed-model ANOVA, treating subject as a random factor and stimulus condition as a within-subjects factor. To reduce the probability that the results of this test would simply ref lect differences in task difficulty, this analysis included data from only the three span-reducing conditions (phonologically similar words, threesyllable words, and pseudowords), which were approximately matched for difficulty. Based on a Bonferroni correction adjusting probabilities for the number of regions tested (10), regions showing a stimulus condition effect reaching a statistical probability below an alpha of 0.005 were considered significant. In regions demonstrating a significant main effect of stimulus condition, we conducted additional pair-wise t-tests (phonologically similar words versus three-syllable words, phonologically similar words versus pseudowords, and three-syllable words versus pseudowords) to further characterize the specific pattern of differences. For these pair-wise tests we used an alpha of 0.05.
Analysis 3: Effects of Difficulty on the Executive and Verbal Maintenance Systems
The next set of analyses addressed the sensitivity of brain regions to changes in task difficulty (as measured by recall performance) attributable to the operation of the verbal maintenance system. Again using the regions identified in the contrast of maintenance to baseline (maintenance regions), we conducted an ROI analysis that probed the data for significant overall effects of task difficulty. Cluster averaging, scan averaging (scans 6 and 7), and mean normalization were applied as had been done in analysis 2. However, for this analysis, we pooled data collected during trials with phonologically similar, three-syllable, and pseudoword items, and compared activation for these pooled, spanreducing ('difficult'), conditions to that for the short, phonologically distinct words ('easy'). This comparison was made via a matched samples t-test, pairing averages for the difficult and easy trials within subject.
Regions showing activation differences with an alpha of 0.005 (ref lecting a Bonferroni correction of the significance threshold based on the 10 regions tested) were considered to show a significant difficulty effect.
Post Hoc Analyses
To address some specific limitations of our a priori analyses, we conducted three post hoc exploratory analyses. By virtue of having pooled data across stimulus types in our stage-based analyses, regions activated by only a subset of the stimulus conditions may have been overlooked. To account for this potential limitation, in one post hoc test we performed a voxel-wise one-way mixed-model ANOVA with stimulus condition (including all four conditions) as the within-subject factor, for scans collected during maintenance (scans 6 and 7). This analysis allowed us to identify voxels that were active during maintenance for certain stimulus types, but not for others.
Inspection of activity in regions identified in our primary analyses further suggested that some regions may exhibit modulation by stimulus condition only during the early portion of a trial (during encoding and early maintenance). Since our a priori analyses did not probe stimulus differences during this interval, in a second post hoc analysis we conducted another voxel-wise ANOVA test for a main effect of stimulus condition during encoding and early maintenance (scans 2-4).
The time-series data derived from regions identified in the maintenance to baseline comparison showed that activation in some regions decreased across the maintenance interval. Again, our a priori analyses offered no way to characterize or quantify the significance of this pattern. Consequently, in a third post hoc test we performed an additional ROI-based analysis using the maintenance regions. In this analysis, for each ROI being tested, the data from each subject was pooled across stimulus conditions and was normalized across scans to a common mean. Using an ANOVA test, we investigated the pooled and normalized data in these ROIs for a main effect of time (change in signal magnitude across scans 4-7), and for an interaction between time (scans 4-7) and region.
Results
Behavioral Data
Robust and consistent stimulus-based effects were produced with the delayed serial recall task. For three subjects background noise from the magnet made coding of responses unreliable, so behavioral data from these subjects were excluded. Across the remaining subjects, statistically significant [P < 0.005, t(8) > 3.36, one-tailed] reductions in memory span were associated with the phonologically similar (mean = 3.3, SD = 1.4), threesyllable (mean = 3.8, SD = 1.5), and pseudoword (mean = 3.0, SD = 1.2) items, as compared to the one-syllable phonologically distinct (mean = 4.6, SD = 1.8) items (Fig. 2) . These results were highly reliable, with all subjects showing span reductions for each of the three 'difficult' stimulus types. A further contrast comparing performance across the span-reducing, 'difficult,' conditions to that for the 'easy' condition also produced a highly significant (P < 0.001) behavioral result (difficult mean = 3.3, SD = 0.72). Further contrasts between the phonologically similar, three-syllable, and pseudoword items were non-significant (based on Bonferroni adjusted significance thresholds for the three paired comparisons). However, the contrast between the three-syllable and pseudoword conditions did show an unpredicted trend toward significance (P = 0.043, not surpassing Bonferroni corrected threshold).
Imaging Data
Maintenance, Encoding and Retrieval Regions
Each of the paired voxel-wise comparisons conducted to identify stage-based processing produced several regions that surpassed the probability (P < 0.0001, t(11) > 5.45, one-tailed) and clustering (five contiguous voxels) criteria. Table 1 summarizes results from these comparisons. The maintenance to baseline comparison revealed several regions exhibiting significant activation through the end of the maintenance interval, including multiple bilateral inferior frontal areas, the supplementary motor area (SMA), the left premotor cortex, the right dorsolateral prefrontal cortex (DLPFC) (BA 9/46), and bilateral caudate regions (see Fig. 3A ). Absent from this set of regions were the inferior parietal cortex and the cerebellum, which have both been frequently reported in neuroimaging studies of verbal working memory. Time-series showing the pattern of activity for a subset of the regions identified in this analysis are shown in Figure 4 .
The comparison of encoding to baseline revealed activation in almost all of the regions identified in the maintenance to baseline comparison, as well as in some additional areas. As in the maintenance comparison, bilateral inferior frontal, SMA, premotor, and basal ganglia activations were found for this encoding comparison. New regions also identified in this comparison were the right premotor (BA 6), anterior cingulate (BA 32/24), left inferior parietal (BA 40), bilateral extrastriate (BA 18), and bilateral cerebellar regions. A direct comparison of encoding to maintenance produced a set of regions that could be predicted from the contrasts of maintenance and encoding to baseline (see Table 1 ).
Many of the regions implicated in maintenance were also found to be active during overt recollection, such as the premotor cortex, the SMA, and bilateral inferior frontal gyri (BA 45). The retrieval stage comparison further revealed activations in the anterior cingulate cortex and bilateral cerebellar regions, areas that were also identified in encoding. New regions specifically active during recall were the bilateral primary motor, bilateral somatosensory, bilateral superior temporal (BA 41/42/22), precuneus, medial cerebellar, and thalamic regions. Again, the direct contrast of recall with maintenance produced a set of regions that could be predicted from the contrasts of maintenance and recall to baseline (see Table 1 ).
Effects of Stimulus Condition
The pattern of stimulus condition effects produced within the maintenance regions was assessed using only the span-reducing stimulus conditions (three-syllable words, phonologically similar words, and pseudowords). The results of this analysis, which are summarized in Table 2 , were intended to identify distinct components of the verbal maintenance subsystem. Two distinct subregions within the left inferior frontal gyrus showed large effects of stimulus condition [F(2,33) > 6.24, P < 0.001]. One of these subregions was located in the dorsal portion of the inferior frontal gyrus (BA 44), while the other was located in a more ventral portion of the inferior frontal gyrus (BA 45). These ROIs correspond closely with two dissociable inferior frontal foci identified through meta-analysis of prior neuroimaging studies of working memory (Chein et al., 2001) . In both regions, stimulus condition effects were shown to be driven by greater activation for pseudoword items than for long or phonologically similar items; a lexicality effect. However, in the more dorsal region, levels of activity associated with each condition were further graded, and ordered with subject performance levels. In the SM A, the overall stimulus condition effect also passed our Bonferroni adjusted alpha criterion [F(2,33) = 5.69, P = 0.002]. Paired comparisons for each of the difficult conditions showed significantly larger activations in SMA for the pseudoword and phonologically similar word conditions when compared to the long word condition. No other regions identified in the maintenance to baseline comparison showed a significant effect of stimulus condition (none showed a statistical probability below P = 0.005). However, weak effects of stimulus condition (P < 0.05, but above 0.005) were identified in left premotor (BA 6) and right inferior frontal (BA 45) regions.
Effects of Difficulty
In our second ROI analysis we investigated the effects of task difficulty, also using regions identified in the maintenance to baseline comparison. The results from these analyses are included in Table 2 . In this analysis, several regions were found to be more active during the maintenance interval for trials with difficult stimuli than with the easier stimuli. Specifically, this effect was statistically significant in the dorsal left inferior frontal gyrus (BA 44), the SMA (BA 6), the left premotor cortex (BA 6), and the basal ganglia. Additional bilateral ventral inferior frontal regions showed weak difficulty effects (0.005 < P < 0.05). Although the difficulty effect in the right DLPFC (BA 46) showed a trend toward significance (P = 0.063), the magnitude of the difference in this region was much smaller than in other regions where a significant difficulty effect was identified. None of the identified maintenance regions were more active for 'easy' trials than for 'difficult' trials.
Results from Post Hoc Analyses
Our maintenance versus baseline comparison, which collapsed data across stimulus types, did not reveal activation in the inferior parietal cortex. However, a voxel-wise analysis looking for a main effect of stimulus condition during maintenance, showed that the inferior parietal region (bilaterally) was active for some stimulus conditions, but not for others. Specifically, the left inferior parietal cortex was active for phonologically similar and pseudoword conditions, but not for three-syllable and one-syllable phonologically distinct conditions (see Fig. 3B ). This pattern of results accounts for the lack of an overall (pooled across all stimulus conditions) maintenance-based activation in parietal cortex.
The analysis of stimulus condition effects during encoding and Figure 2 . Average trial span measures for one-syllable phonologically distinct words, three-syllable words, pseudowords, and phonologically similar words. Statistically significant span reductions were associated with three-syllable words, pseudowords and phonologically similar words, when compared to one-syllable phonologically distinct words. *P < 0.01, **P < 0.001. Figure 1 . Schematic diagram of the experimental protocol, showing the sequence and timing for trial events and data acquisition. Each trial began with the presentation of five items, followed by a 20 s rehearsal interval. During the rehearsal interval, subjects maintained the presented items by covert rehearsal. At the end of the rehearsal interval, subjects were cued to recall the items in their presented order, and were given 4 s for overt recollection. In the final 20 s of each trial, subjects rested while viewing a fixation cross. Thirteen volumetric image acquisitions, each lasting 4 s, were collected during each trial. Acquisitions shown with shading comprised the specific epochs used for stage-based analyses, and are labeled accordingly.
early maintenance scans produced additionally informative results. This analysis showed that during this early phase, sites in the left and right lateral cerebellum were more highly activated for the three-syllable word condition than for the other conditions (see Fig. 3C ). These cerebellar regions did not appear in the maintenance to baseline comparison because activity in these regions was not present for all stimulus conditions, and was comparatively transitory. Analysis of time-based effects during the maintenance interval provided further information about the dynamics of regional processing. This analysis showed that in BA 44 of the dorsal left inferior frontal cortex decreases in the magnitude of activation across the maintenance inter val were statistically significant [F(3,11) = 37.9, P < 0.001]. This profile of activation could be contrasted with that in other regions, such as the ventral left inferior frontal gyrus (BA 45) [F(3,11) = 0.28, P > 0.05], the medial frontal gyrus (SMA, BA 6) [F(3,11) = 1.14, P > 0.05] and the middle frontal gyrus (DLPFC, BA 46) (F(3,11) = 1.85, P > 0.05), where levels of activation were sustained throughout the maintenance interval (see Fig. 4 ). Accordingly, paired ANOVA tests for interactions between region (dorsal inferior frontal, ventral inferior frontal, medial frontal, middle frontal) and time (scans 4-7) yielded significant interactions only when the dorsal inferior frontal ROI was contrasted with the other ROIs [F(3,11) > 8.76, P < 0.05].
Negative Activation Regions
The results that we have reported above focus specifically on those regions for which active conditions produced an increased signal compared to the baseline condition. There were, however, several regions that consistently demonstrated a signal decrease for the active, as compared to baseline, states. When baseline was compared to encoding, maintenance, and retrieval, each of these comparisons showed negative changes in signal magnitude Regions of activity resulting from the (A) a priori voxel-based comparison of maintenance (scans 6 and 7) to baseline (scans 12 and 13), (B) post hoc voxel-based test for stimulus condition effects across the maintenance interval (scans 4-7) and (C) post hoc voxel-based test for stimulus condition effects in encoding and early maintenance (scans 2-4). Voxels shown surpass a statistical probability threshold of P < 0.0001 in the group composite data, and comprise a cluster of at least five contiguous significant voxels. The statistical images are shown overlaid onto horizontal sections, at 2.5 mm increments, from the structural MRI image used for inter-subject registration, which has been warped into stereotaxic space (Talairach, 1988) . The numbers to the left and right of each row represent the distance, in millimeters, above the anterior commissure to posterior commisure plane. Peak activation locations for regions detailed in Figure 4 are identified with labels 'a'-'f'. in a large region around posterior cingulate cortex (BA 31) (-1, -53, 27) , in a region near the junction of the temporal, occipital, and parietal lobes bilaterally (BA 39, 19) (-34, -80, 28; 50, -61, 23) , and in the rostral cingulate (BA 32) (2, 44, 8) . These regions showing negative activations are consistent with those documented in a review of negative activations found in PET imaging studies (Shulman et al., 1997) .
Discussion
The results from our comparison of maintenance to baseline largely replicate findings from prior neuroimaging studies of verbal working memory, although there were some notable differences. Consistent with previous findings, we have implicated a network of regions in the frontal cortex, including the DLPFC, the inferior frontal gyrus, the supplementary motor area, and the premotor cortex, in verbal working memory processing. Among the regions not identified in our maintenance to baseline comparison, but implicated in previous studies, were the left inferior parietal cortex and the cerebellum. In the following discussion we consider results from the present study together with previous findings, and show how these findings can be synthesized into a modified account of the nature of verbal maintenance and its neural underpinnings.
The Involvement of Maintenance Regions in Encoding and Retrieval
In the present study we were interested in determining if regions commonly associated with maintenance-based processing are also integral to encoding and retrieval processes, in the context of a working memory task. As expected, the encoding and retrieval analyses revealed some areas of activation that were distinct from those identified in maintenance, primarily in regions associated with sensory and motor demands of task performance. For example, we found activation during encoding in a region centered in extrastriate cortex, which most likely ref lected early visual processing of the presented stimuli. Perhaps more interesting is the high degree of correspondence in brain regions engaged during encoding, maintenance, and retrieval. Across these stages of task performance, a core network of brain regions including the SMA, premotor cortex, and bilateral inferior frontal regions was activated. These findings partially replicate results from two previous verbal working memory studies, in which both medial and lateral prefrontal areas showed encoding-, maintenance-, and retrieval-based activity (Rypma and D'Esposito, 1999; Kruggel et al., 2000) . There are at least two contrasting ways to explain this correspondence in stage-based regional activation. One explanation is that these brain areas are specialized for maintenance-based processes that are also engaged during encoding and retrieval stages of task performance. For example, covert maintenance may continue throughout the recall stage, to insure that the contents of working memory are not lost before recollection is completed. An alternative explanation is that these brain regions mediate computational processes (e.g. phonological processing, accessing of long-term memory) that are recruited recurrently across encoding, maintenance, and retrieval. Because neuroimaging studies of reading and phonological processing reveal many of the same brain areas as are typically found in verbal maintenance (Price et al., 1996; Rumsey et al., 1997; Fiez and Petersen, 1998) , we favor the latter alternative. This is also consistent with results from a prior PET study conducted by Jonides and colleagues . Although they reported little evidence for common regions of activation between encoding, maintenance, and retrieval, the control condition that they used to identif y encoding and retrieval regions (but not maintenance regions) involved viewing nonwords, a control task that may recruit the same shared processes.
Characterizing the Components of Verbal Maintenance
It has been argued that verbal maintenance may be mediated by separate storage and rehearsal components. To examine the dissociability of these components we investigated the specific patterns of stimulus condition effects and the temporal profiles of regional activity in maintenance-related regions.
Storage in the Verbal Maintenance Subsystem
Inspection of the neuroimaging literature produces only one candidate region as the site of phonological storage, the left inferior parietal cortex (Awh et al., 1996; Jonides et al., 1998; Henson et al., 2000) . However, in review articles (Becker et al., 1999; Fiez, 2001 ) examining both neuroimaging and neuropsychological evidence, we have argued that the inferior parietal region may contain two distinct subregions contributing to maintenance (dorsal and ventral), and that neither one of these subregions behaves in a way that is consistent with the phonological store, as it is portrayed in the Baddeley model. For instance, the Baddeley model suggests that the phonological store is refreshed repeatedly during extended maintenance. We should therefore expect that the associated brain region would be active across a maintenance interval for any phonologically codable material. However, prior PET studies using task designs similar to that used in the present study (Fiez et al., 1996; Jonides et al., 1998) have failed to find reliable left parietal activation during maintenance. Our current study, which failed to produce significant activity in this region for the pooled (across stimuli) maintenance to baseline comparison, further supports these previous findings. These null findings should be interpreted cautiously, as they may have resulted from limitations in statistical power. However, in the present study, several other areas showed sufficient effects to be detected during maintenance, and the left inferior parietal region produced detectable activation during encoding under the same power limitations. We had additionally expected that if the store uses phonological representations, and the phonological similarity effect is due to interference between these representations, then the site of storage would show a particular sensitivity to phonological similarity among list items. The pattern of results found in the left inferior parietal region was only partially consistent with this expectation. Although activity in the left inferior parietal region was high for phonologically similar items, it was also high for the pseudoword items. This pattern of activity may still be consistent with that of a phonological store if, as suggested by Jonides and colleagues , we interpret high pseudoword trial activity as a ref lection of heavy reliance on phonological storage when semantic representations are lacking. Considered in its entirety, the available evidence does not allow us to draw strong conclusions regarding the role of the inferior parietal region in phonological storage, but incites us to consider alternative interpretations of parietal activity in working memory tasks.
One interesting clue to inferior parietal function is that, along with the present study, all of the verbal working memory studies that have failed to find significant activation in the left inferior parietal cortex (Becker et al., 1993; Grasby et al., 1993; Fiez et al., 1996; Jonides et al., 1998) have utilized recall, rather than recognition-based (in which the contents of memory are assessed by recognition of a probe stimulus; e.g. N-back, delayed match-to-sample) paradigms. One potentially relevant aspect of recognition-based tasks is that they can be successfully performed by either a prospective (e.g. active rehearsal) or retrospective (e.g. familiarity) strategy (Lovett et al., 1999) , while recall-based tasks are likely to be performed primarily through active rehearsal. Inferior parietal activation may therefore ref lect the use of retrospective strategies, or the utilization of an executive process coordinating the use of alternative strategies. This latter interpretation is consistent with suggestions that the left inferior parietal region may ser ve an executive, rather than storage-based, role in working memory (Collette et al., 1999; Marshuetz et al., 2000) .
Rehearsal in the Verbal Maintenance Subsystem
Numerous previous studies have linked left inferior frontal, supplementar y motor, premotor, and cerebellar regions to articulatory rehearsal. We had predicted that regions involved in rehearsal would demonstrate sensitivity to stimulus factors, including articulatory length and lexicality, that can inf luence the articulatory control process. Of the regions we found to be active during maintenance, two left inferior frontal regions (dorsal BA 44 and ventral BA 45 ) and the SMA (medial BA 6) showed significant stimulus condition effects potentially linking them with rehearsal. Interestingly, the pattern of these stimulus condition effects was distinct across regions, as were the effects of difficulty. Specifically, sensitivity to lexical status dissociated the left inferior frontal regions from the SMA, while sensitivity to difficulty dissociated dorsal BA 44 and the SMA from ventral BA 45 (which exhibited only a marginally significant difficulty effect that was specifically driven by increases during pseudoword trials). Additionally, while the dorsal inferior frontal region (BA 44) showed a significant decrease in activity across the maintenance interval [also observed by Cohen et al. ], the ventral inferior frontal (BA 45) and supplementary motor regions both showed sustained levels of activation throughout maintenance.
Given the differential patterns of response exhibited by these regions, we can speculate about their specific contributions to rehearsal. In doing so, we refer to a two-stage model of rehearsal proposed by Naveh- Benjamin and Jonides (1984) , which nicely accommodates our results. According to their model, during a first stage of rehearsal a novel articulatory rehearsal program is effortfully assembled and initiated. In a second stage, this rehearsal program is automatically and repetitively executed.
The region in left dorsal BA 44 was the only region to exhibit a decreasing level of activity across the delay interval. This decreasing pattern of activity suggests that this region may contribute specifically to the first, organizational, stage of rehearsal. Further, this region's sensitivity to difficulty is consistent with the proposal that this first stage is effortful. Lexicality effects in this region can be explained as the consequence of additional organizational demands associated with the assembly of novel pseudowords items (which lack prior articulatory representations) into a subvocal rehearsal program.
The ventral inferior frontal (BA 45) region exhibited sustained activation across the delay, and a significant lexicality effect. This demonstration of lexicality effects in ventral left inferior frontal cortex replicates our previous PET results (Fiez et al., 1996) , and is consistent with the results from Jonides et al. . Functional imaging studies of single-word reading have also reported activation localized in left inferior frontal regions to be greater for pseudowords than for words (Herbster et al., 1997; Fiez et al., 1999; Hagoort et al., 1999) . One interpretation of this pattern of results is that this region contributes to sublexical processes, most heavily utilized during pseudoword trials, used throughout rehearsal for coding and storage of the articulatory rehearsal program.
The SM A has been previously linked with the automatic implementation of internally cued sequential motor gestures (Goldberg, 1985; Jenkins et al., 1994) . This association with sequential motor processes, and the exhibition of sustained activity throughout maintenance, suggest that the SM A may be particularly instrumental in mediating the second stage of rehearsal, involving the repetitive execution of the coded and assembled articulatory rehearsal program (although, this fails to explain why the SMA showed sensitivity to task difficulty, given that this latter stage of rehearsal is thought to be automatic).
In several previous studies, the cerebellum was also found to be active during verbal maintenance. Desmond and colleagues (Desmond et al., 1997) have further demonstrated that cerebellar regions may be sensitive to the amount of information being maintained. Such findings are consistent with the notion that cerebellar activity in a working memory task ref lects motor imagery associated with subvocal rehearsal (Decety et al., 1990; Thach, 1996) . Based on this motor-imagery interpretation, we expected that in the present study cerebellar activity would be greatest for the three-syllable words. This expectation derives from the presumed relationship between the duration of physical articulation and the magnitude of the associated motor imagery. Indeed, in bilateral lateral cerebellar regions we found increased signal for the three-syllable words. However, activity in these cerebellar regions was temporally limited to scans acquired immediately following encoding, and did not persist into the maintenance interval. Our results are therefore partially inconsistent with what we had expected to find, and stand in contrast to previous results showing activity of the cerebellum during maintenance. One possible explanation for this inconsistency is that prior studies may over-emphasize cerebellar contributions to maintenance by not having sufficiently separated maintenance from encoding or retrieval (which strongly activated the cerebellum in the present study). Additionally, the fact that cerebellar activity persists brief ly during maintenance could explain why PET studies, which weight heavily on the beginning of the acquisition period, have detected activity in this area.
The Effects of Difficulty on the Central Executive
Previous research has shown that increases in task difficulty can inf luence activity in brain regions associated with the central executive. We were interested in examining how a manipulation of task difficulty associated specifically with verbal stimuli might inf luence activity in executive regions. Our analyses of the effects of difficulty and stimulus condition revealed several areas that showed a non-specific effect of difficulty (an effect of difficulty, but not an effect of length, lexicality or similarity). These areas included the left premotor cortex, the basal ganglia, and the right inferior frontal gyrus. However, given that most neuroimaging studies of executive processing have focused on the properties of the DLPFC, we were surprised to find that this region showed only a weak and statistically insignificant effect of difficulty.
The lack of a difficulty effect in DLPFC can be interpreted in the context of previous studies of executive processing. For example, studies using manipulations of memory load Cohen et al., 1997; have implicated the DLPFC as a component of the central executive. Load effects, however, are necessarily confounded with performance factors (i.e. it is more difficult to keep more items in memory). This confounding makes it hard to determine if regions showing modulation in these studies are sensitive specifically to load, or more generally to levels of difficulty. In a study by Barch and colleagues (Barch et al., 1997) , it was shown that varying the length of a maintenance delay inter val, a manipulation of difficulty that is not based on memory load, inf luenced the magnitude of DLPFC activation. Barch and colleagues further demonstrated that modulation of DLPFC activity was specifically associated with manipulation of mnemonic task demands (degradation of stimuli did not impact on DLPFC activation). In the present study, with memory load held constant while difficulty was manipulated, we did not find significant difficulty effects in DLPFC. One possible way to reconcile our findings with those from Barch et al. (Barch et al., 1997) is to suppose that while domain-independent mnemonic factors that effect difficulty (such as the manipulation of delay duration) inf luence DLPFC activity, this region is minimally sensitive to verbal domain-specific factors that effect difficulty (such as those employed in the present study). The insensitivity of this region to differences among verbal stimuli further supports the view that this region plays a more prominent role in non-verbal processes (Goldman Rakic, 1998).
Relating Imaging Results to the Cognitive Model
Based on our results, we formulate a tentative theory of verbal maintenance that is consistent with existing evidence, but that contrasts in some subtle but potentially important ways from the dominant theoretical framework of verbal working memory. One distinction relates to the buffering of information into the phonological store. As discussed above, although the inferior parietal cortex remains a possible center for storage, no brain region behaves in such a way that is entirely consistent with the notion of storage as it is conceived in the Baddeley model. The lack of a strong candidate for storage across a delay interval points to a potential shortcoming of the behavioral model. An alternative account, in which phonological encoding is a temporally limited event that allows input to be integrated into a speech-output based rehearsal stream that ultimately supports both rehearsal and storage, may be more consistent with the available evidence.
Our results further suggest a need to extend the characterization of verbal rehearsal beyond its portrayal in Baddeley's model. These results suggest that articulatory rehearsal should not be thought of as a single component operating as a continuous loop, but that it may be further fractionated into subcomponents that show changing levels of engagement as rehearsal proceeds. Recognizing that rehearsal is based on multiple subprocesses may facilitate interpretation of behavioral, neuropsychological, and neuroimaging evidence.
Lastly, investigation of the effects of task difficulty yielded further insights into the nature of the interaction between executive and maintenance systems. Our failure to find robust difficulty effects in the DLPFC leads us to speculate that this region may contribute to domain-independent executive processes such as response inhibition and attentional selection, but may not support domain-specific executive processes integral to the operation of the verbal maintenance subsystem. This interpretation fits with the notion that the central executive system embodied in Baddeley's model may be further fractionated (Baddeley, 1998) , and suggests that domain-specificity is one dimension upon which such fractionation is contingent.
